Exposure to ionizing radiation (IR) induces various types of DNA damage, of which DNA double-strand breaks are the most severe, leading to genomic instability, tumorigenesis, and cell death. Hence, cells have developed DNA damage responses and repair mechanisms. IR also causes the accumulation of endogenous reactive oxidative species (ROS) in the irradiated cells. Upon exposure to low-dose irradiation, the IR-induced biological effects mediated by ROS were relatively more significant than those mediated by DNA damage. Accumulating evidence suggests that such increase in endogenous ROS is related with mitochondria change in irradiated cells. Thus, in this review we focused on the mechanism of mitochondrial ROS production and its relationship to the biological effects of IR. Exposure of mammalian cells to IR stimulates an increase in the production of endogenous ROS by mitochondria, which potentially leads to mitochondrial dysfunction. Since the remains of damaged mitochondria could generate or leak more ROS inside the cell, the damaged mitochondria are removed by mitophagy. The disruption of this pathway, involved in maintaining mitochondrial integrity, could lead to several disorders (such as neurodegeneration) and aging. Thus, further investigation needs to be performed in order to understand the relationship between the biological effects of low-dose IR and mitochondrial integrity.
INTRODUCTION
Exposure to ionizing radiation (IR) causes various biological effects on organ-forming cells. Most of these biological effects are stimulated by nuclear DNA (nucDNA) damage. Among the various types of DNA damage, the DNA double-strand breaks (DSBs) are the most severe. Exposure of mammalian cells to 1 gray (Gy) of acute γ-irradiation is estimated to generate~50 nucDNA DSBs [1] . However, exposure to <10 mGy of γ-rays generates <1 DSB per nucleus. Thus, the contribution of DNA damage (by low-dose IR) towards these biological effects is expected to be negligible. IR can also induce the production of reactive oxygen species (ROS). Commonly, production of ROS upon exposure to IR is caused by water radiolysis, which in turn is mediated by the indirect effects of low linear energy transfer (LET) IRs such as γ-rays and X-rays [1, 2] (Fig. 1) . Absorption of high-energy γ-ray and X-ray photons induces excitation and ionization of water molecules. This leads to the production of free radicals and free electrons, which attack important biomolecules such as DNA. These free radicals and electrons can also react with other water and oxygen molecules and generate the highly reactive secondary free radicals, such as the superoxide anion radical (O 2 * − ). ROS can also attack critical biomolecules. These events resulting in ROS production, which are indirectly mediated by γ-rays or X-rays, are completed in a very short span of time (less than 10 −6 sec). The ROS life-time is very short because of their high reactivity with the surrounding molecules [1, 2] . Accumulating evidence indicates that exposure to a high dose of acute IR causes a sustained increase in the production of endogenous ROS over a few hours. On the contrary, several other reports suggest a delay in the induction of endogenous © The Author(s) 2018. Published by Oxford University Press on behalf of The Japan Radiation Research Society and Japanese Society for Radiation Oncology. This is an Open Access article article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/ licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com ROS production following exposure to IR [2] [3] [4] [5] . These observations suggest that the amount of ROS produced due to water radiolysis forms a considerably small proportion of the total ROS produced following exposure to IR. Without exposure to IR, ROS are routinely produced in organelles such as mitochondria and endoplasmic reticulum (ER) [6] . Mitochondria are the organelles that produce ATP, a high-energy biomolecule, through the electron transport chain (ETC) located on their inner membranes. may leak into the cell cytoplasm. These leaked ROS can react with important biomolecules, leading to the activation of oxidative stress responses to counteract the ROS. The disturbance of mitochondrial homeostasis due to defective ETC-related proteins causes leakage of ROS into the cytoplasm and genomic instability, which may subsequently result in tumorigenesis or neurodegeneration [7] [8] [9] . The ER is another organelle that produces ROS during the unfolded protein response (UPR) [10, 11] . ER is the site for folding and post-translational modifications of newly synthesized proteins. When protein folding in ER is disturbed, aggregates of misfolded proteins accumulate, which stimulates the UPR in order to facilitate correct protein folding. During the UPR, the ER oxidoreductases [the protein disulfide isomerase (PDI) family] catalyze thiol oxidation of cysteines and subsequent disulfide bond formation in the misfolded proteins, thereby folding them correctly. Next, the reduced PDI is oxidized by thiol oxidoreductase (ER oxidoreductin 1, ERO1). This oxidation reaction generates H 2 O 2 . Since the UPR is activated in response to protein misfolding, 25% of total cellular ROS production takes place during this process [10] . Recently, it was reported that the misfolded proteins present in cytoplasm were imported to mitochondria for their degradation [mediated via the mitochondria-associated degradation (MAD) pathway or the mitochondrial unfolded protein response (UPR mt )] [12] . However, the impairment of mitochondrial function of protein degradation could result in the accumulation of ROS via unknown mechanisms [12, 13] . Thus, mitochondria and ER contribute to the production of endogenous ROS under normal conditions in cells. Several studies have also reported the role of mitochondria in continuous endogenous ROS production following exposure to IR. Therefore, in this review, we have mainly focused on the role of mitochondria in the production of ROS after exposure to IR.
Mitochondria-dependent ROS production in irradiated cells
So far, several studies have reported that exposure of mammalian cells to IR increased the production of endogenous ROS in the irradiated cells [2] [3] [4] [5] . A remarkable increase in the production of ROS was observed in the U937 lymphoma cell line, 12 h after exposing the cells to acute γ-irradiation (7 Gy) [3] . DCFDA (2',7'-dichlorofluorescin diacetate) was used to measure the activity of hydroxyl (OH*), peroxyl (ROO*), and other ROS produced in the cells. It was also observed that the mitochondrial transmembrane potential also decreased after irradiation [3] . The detection reagent DCFDA was used to detect a similar increase in the production of ROS in MCF-7, a human breast cancer cell line, exposed to >2 Gy of X-ray irradiation [4] . Using the aminophenyl fluorescein (APF) reagent, which specifically measures the hydroxyl and peroxyl radicals, a rapid increase in ROS production was observed in the hTERTimmortalized chondrocyte fibroblast cell line exposed to γ-rays (>2 Gy) [5] . In the same study, the increase in mitochondrial ROS production was detected using the MitoSOX reagent, which detects the superoxide radicals present in mitochondria. A similar induction of the superoxide radical in mitochondria upon exposure to IR was reported by several other studies [14, 15] . Irradiation with α-particles also resulted in an increase in the mitochondrial superoxide production 2 h post-IR in the hTERT-immortalized chondrocyte fibroblast cell line [16] . In some cases, changes in mitochondrial characteristics (such as a decrease in mitochondrial membrane potential or an increase in mitochondrial mass) were observed in the irradiated cells [3, 4, 17] . This evidence suggests that the increase in the level of ROS in irradiated cells was due to the production of mitochondrial superoxide radical associated with mitochondrial dysfunction. Using DCFDA, it has been observed that overexpression of SOD2 in HeLa cells resulted in the repression of IR-induced production of mitochondrial superoxide radical, as well as that of total ROS [14] . Furthermore, exposure to IR resulted in persistent accumulation of ROS [3] [4] [5] 15] . Several studies Absorption of high-energy γ-ray and X-ray photons induces excitation and ionization of water molecules, leading to the production of free radicals and free electrons. These free radicals and electrons can also react with other water and oxygen molecules and generate the highly reactive secondary free radicals, such as the superoxide anion radical (
demonstrated that the accumulation of total ROS or mitochondrial superoxide radicals in the irradiated cells persisted or was enhanced over a period of 24 h (post-IR). Additionally, some mitochondrial changes also persisted post-IR [4, 5, 18] . This suggested that after exposure to IR, the irreversible changes in mitochondria (or mitochondrial dysfunctions) may result in continuous production of the mitochondrial superoxide radical, which can then subsequently leak into the cytoplasm.
Effects of IR on mitochondrial DNA
Human mitochondrial DNA (mtDNA) is circular and contains 16 659 base pairs. Mammalian cells possess several copies of mtDNA in mitochondria. Human mtDNA codes for rRNA, tRNA and 13 proteins that are necessary for maintaining mitochondrial structure and function [19] . Other necessary proteins for mitochondria are encoded by the nucDNA. Several reports have suggested that mutations in mtDNA could influence ATP production. Disturbances in mtDNA integrity are associated with neurodegeneration, premature aging, and several other diseases [20] [21] [22] [23] . Exposure to IR causes severe DNA damage, including DSBs and oxidative damage to nucDNA; however, mtDNA is affected more by oxidative damage due to IR than nucDNA is. When mitochondria and nuclei isolated from rat liver were directly irradiated with 150 Gy of γ-rays, a 6-fold increase in the level of 8-hydroxy-2'-deoxyguanosine (8-OHdG) was observed in the mtDNA compared with its level in the nucDNA [24] . Exposure of mammalian cells to γ-rays also induced the production of more 8-OHdG in mtDNA compared with that produced in nucDNA. This induction seemed to be correlated with the expression level of DNA polymerase γ(POLG), which was essential for the replication of mtDNA [25] . Furthermore, it was reported that irradiating the A7r5 cells (rat smooth muscle cells) with γ-rays (5 Gy) caused a delayed (from 24-to 72-h post-irradiation) increase in the 8-OHdG lesions in mtDNA, but not in the nucDNA [26] . The presence of 8-OHdG in mtDNA leads to G-to-T transversions [2] . Although the integrity of mtDNA seems to be maintained by similar repair systems to the systems for nucDNA [27] , the DNA repair efficiency for oxidative damage in mtDNA is less than that in nucDNA [28] . Transgenic mice expressing the proofreadingdeficient POLG accumulated somatic mtDNA mutations, displayed mitochondrial dysfunction, and showed premature aging [29] . Moreover, the POLG-deficient autosomal dominant or recessive progressive external ophthalmoplegia patients showed aging-dependent accumulation of mtDNA mutations, mitochondrial dysfunction-associated neurodegeneration, and muscle weakness [30] . Thus, the accumulation of mutations in mtDNA reduces mitochondrial functions such as ATP production, which leads to several diseases, including premature aging, muscle abnormalities, and neurodegeneration. Hence, accumulation of mtDNA mutations induced by oxidative damage upon exposure to IR may cause the pathogenesis of several diseases associated with the reduction of mitochondrial activity. IR also induces DSBs in mtDNA. Exposure of the colon cancer cell lines to 560 Gy of γ-rays induced strand breaks in both nucDNA and mtDNA; however, the repair efficiency of mtDNA was less than that of the nucDNA [31] . It is known that the common deletion (CD) between nucleotide positions 8470 and 13 446 in mtDNA occurs frequently. The CD region contains the genes for mitochondrial ATPase, NADH dehydrogenase (Complex I), and cytochrome c oxidase [2, 15] , suggesting that deletion of the CD region could result in the reduction of mitochondrial function. Several studies have reported the association between CD and the pathogenesis of various diseases (as well as aging) [32] [33] [34] . Exposure to IR resulted in accumulation of CDs in a dose-dependent manner [2, 15] . When hTERTimmortalized chondrocyte fibroblast cell lines were exposed to γ-rays, a dose-dependent (0.1-10 Gy) increase in CD accumulation was observed 72 h post-IR using quantitative PCR analysis. Additionally, CD was also observed after exposure to low-dose (0.05 Gy) γ-rays [35] . Similarly, induction of CD upon exposure to IR was reported in primary human hepatocytes, HepG2 cells, and primary human fibroblasts [36, 37] ; however, whether mtDNA with CDs persists in the mitochondria of irradiated cells remains unclear [15, 35, 36] . Thus, exposure to IR can induce DSB damage in mtDNA. It was observed that irradiating mice with 5 Gy of γ-rays resulted in the appearance of mtDNA fragments in the cytosolic fractions of the brain cells, 1 h post-irradiation [37] . Moreover, experiments with budding yeast demonstrated the migration of mtDNA from mitochondria to nucleus [38] . In humans, the nuclei contain partial sequences of mtDNA integrated at more than 20 sites in the chromosomal DNA [39] . This suggests the possibility that mtDNA fragments (containing the CD region) generated after exposure to IR, may migrate to the nucleus and integrate into the chromosomal DNA by inducing DSB damage [38] [39] [40] .
The copy number of nucDNA is two per cell; however, that of mtDNA is more than 1000 [2] . The copy number of mtDNA is also influenced by exposure to IR. Exposure of mammalian cells to X-rays or γ-rays stimulated an increase in the copy number of their mtDNA within a few days post-IR, followed by a secondary increase at a prolonged time-point (more than a month) [4, 35, 41] . Mouse whole-body irradiation with γ-rays also increased the copy number of mtDNA in the brain, spleen, bone marrow, and other tissues; however, the original copy number (before irradiation) was restored after a few days post-IR [42] [43] [44] . Patients with Alpers syndrome show a remarkable decrease in the copy number of mtDNA induced by mutations in POLG, and display signs of refractory seizures, neurodegeneration, and liver diseases [45] . Currently, it is unclear whether an increase in the copy number of mtDNA is associated with any other diseases. Hence, the significance of an increase in mtDNA post-IR is debatable.
We conclude that exposure of mammalian cells to IR induces oxidative damage to mtDNA, CDs associated with DSBs, and an increase in the copy number of mtDNA. Of these, oxidative damage and CDs can result in the dysfunction of the genes present in mtDNA, subsequently resulting in a decrease in mitochondrial function. It is unclear whether there exists a direct relationship between the fate of the cell and changes in its mtDNA. However, since both CDs and increase in copy number of mtDNA are induced by exposure to low doses of IR (such as 10 or 50 mGy), these changes may act as useful biomarkers for detecting DNA damage due to IR [35, 41] .
Potential fate of mitochondria damaged by IR
Exposure of mammalian cells to IR triggers changes in the mtDNA (oxidative damage, CD, and other types of damage) and also
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induces an increase in the production of mitochondrial ROS in the irradiated cells. This happens potentially due to mitochondrial dysfunction. Hence, it is suggested that the IR-induced changes in mtDNA may be directly associated with mitochondrial dysfunction and the subsequent increase in endogenous ROS production. This direct association has been investigated using Rho zero (ρ°) cells, which lack mtDNA and were generated using treatment with a low dose of ethidium bromide. The induction of ROS in ρ°cells by exposure to 4 Gy of IR was significantly less than that in the control cells (with intact mtDNA) [46] . The radioresistance of the ρ°cells to radon irradiation was higher than that of the control cells. Additionally, the ρ°cells showed lower ROS production after exposure to radon irradiation [47] . Furthermore, increasing the protein expression of the mitochondrial ETC complex II subunit B stabilized the mitochondrial membrane potential and reduced the production of ROS post-IR [48] . Enhanced mtDNA integrity was achieved by increasing the expression of POLG, which subsequently reduced the oxidative damage in mtDNA post-IR [24] . These observations suggest that mtDNA could be a key molecule involved in IR-induced mitochondrial ROS production. Damage to mtDNA due to IR-induced ROS production may provoke higher accumulation of oxidative and other types of damages in the cell.
Although IR causes mtDNA damage, the fate of the mitochondria harboring such damages remains unknown. IR-induced ROS may attack proteins, as well as DNA present in the mitochondria and other organelles. Protein carbonylation, a type of protein oxidation, was observed to increase at 3 h post-irradiation (0.8 Gy) [2, 49] . Oxidation of proteins can result in their functional dysregulation [50] . This suggests that the production of oxidized proteins in mitochondria due to IR-induced ROS may cause mitochondrial dysfunction and result in further accumulation of mitochondrial ROS. The presence of mitochondria with damaged mtDNA and oxidized proteins raises a critical question about whether such damaged mitochondria can be eliminated from the irradiated cells.
Autophagy is a cellular catabolic system for removing damaged or superfluous organelles through degradation by lysosomes, and then their degraded components are recycled [51] . The autophagy pathway usually includes the following steps. The first step is initiation of autophagosome formation by membrane distension from the ER or Golgi complex. The second step is marking of the damaged organelles (to make them recognizable) and enclosing them within the precursor of the autophagosome. This marking step is regulated by ATG family proteins and LC3 [51] . Autophagosome formation is completed with entire enclosing of the damaged organelles, following fusion with lysosomes for degrading them.
Damaged mitochondria can also be eliminated by mitochondriaspecific autophagy systems ('mitophagy') [51] . The mtDNA integrity is maintained during the fission and fusion cycles, and Drp1 is a critical factor required for mitochondrial fission [52] . Several reports have demonstrated that mitochondrial fission is stimulated in mammalian cells by IR, and that this is accompanied by an increase in DRP1 [5, 16] . DRP1 is also important for the activation of mitophagy [52] . In humans, IR also increases the expression of Parkin (a regulator of mitophagy), suggesting the activation of mitophagy in irradiated cells [53] . Moreover, Parkin-overexpressing cells seem to facilitate the removal of damaged mitochondria and to repress mitochondrial ROS production [54] . These observations suggest that dysfunctional mitochondria (those containing damaged mtDNA and oxidized proteins) can be removed (via mitophagy) in order to repress the effect of leakage of ROS from the damaged mitochondria into the whole cell (and subsequently into the whole body) [51] . This hypothesis may be supported by the fact that CD in mtDNA post-IR is a transient event [36] .
Perspective
Accumulating evidence has indicated that the exposure of cells to IR can induce mitochondrial dyisfunction, leading to a sustained increase Fig. 2 . IR-induced mitochondrial damages cause ROS production. When mammalian cells are exposed to IR, water radiolysis generates free radicals. Such free radicals attack both nucDNA and mtDNA, and proteins. The accumulation of damaged mtDNAs and mitochondrial proteins represses mitochondrial function, leading to continuous leakage of the mitochondrial ROS inside the whole cell and then amplification of damages to nucDNA and mitochondria. However, in order to avoid the accumulation of mitochondrial ROS and the subsequent damage to biomolecules in the cell, the damaged mitochondria are eliminated via mitophagy. Mitophagy acts as a mitochondrial quality control measure and prevents excess mitochondrial ROS accumulation in cells post-IR.
in the production of endogenous ROS and causing extensive oxidative damage to the whole cell (including damage to the nucDNA and mitochondria) (Fig. 2) . When mammalian cells are exposed to IR, water radiolysis generates free radicals and induces DNA damage in both the nucDNA and the mtDNA, as an indirect effect of IR. Such free radicals also attack proteins, including mitochondrial proteins. The accumulation of such damaged mtDNAs and mitochondrial proteins represses mitochondrial function, including the maintenance of a stable mitochondrial membrane potential. This results in continuous leaking of the mitochondrial ROS, such as superoxide radicals, into the whole cell. Furthermore, such sustained increase in the level of ROS inside the whole cell further damages the DNA and proteins. However, in order to avoid the accumulation of mitochondrial ROS and subsequent damage to biomolecules present in the cell, the damaged mitochondria are eliminated via mitophagy. Mitophagy acts as a mitochondrial quality control measure and prevents excess mitochondrial ROS accumulation in cells post-IR.
Excess leakage of ROS from mitochondria into the cytoplasm can damage nucDNA. Irradiation of cell cytoplasm with α-particles induces the nuclear 53BP1 foci after 3 h, while irradiation of the nucleus induces 53BP1 foci appearance earlier (after 1 h) [55] . Formation of the 53BP1 foci by irradiation of the cytoplasm was repressed upon DMSO (a free radical scavenger) treatment, and was remarkably decreased in the ρ°cells. This suggests that irradiation of the cytoplasm resulted in mitochondrial ROS production, and that this was responsible for the appearance of nuclear 53BP1 foci. It is known that IR induces micronuclei formation, probably due to DSBinduced damage. It has been observed that repression of mitochondrial ROS production by an ETC inhibitor reduced micronuclei formation [56] . Thus, IR-induced mitochondrial ROS can migrate into the nucleus and damage nucDNA. Mitochondrial ROS can also damage proteins by oxidatively denaturing them. We reported that patients with ataxia with oculomotor apraxia type 3 (AOA3, an ataxia-telangiectasia-like syndrome) showed significant mitochondrial ROS accumulation [57] . They also displayed a marked decrease in ATM activation and in homologous recombination repair activity. Thus, excess accumulation of mitochondrial ROS can cause protein oxidation, and subsequently hamper the DNA damage responses. Furthermore, oxidation of histones (the essential components of eukaryotic chromatin) can alter chromatin structure, which can influence the regulation of gene expression and DNA repair [2, 6, 58] . IR-induced mitochondrial ROS can also invade the adjacent unirradiated cells and induce oxidative damage. Irradiation with α-particles induces 53BP1 foci formation in adjacent unirradiated cells, as a bystander effect [55] . Several IR experiments have revealed similar bystander effects with respect to gene mutation, micronucleus formation, and ATM-dependent phosphorylation [59] .
Chronic low-dose IRs result in less DNA damage. Thus, in this case, the contribution of mitochondrial ROS towards the biological effects of IR was relatively greater. Mitochondrial ROS invade the cell nucleus, as well as the adjacent unirradiated cells, and alters the DNA damage responses (such as DNA repair or ATM-dependent cell cycle checkpoints), leading to tumorigenesis or tissue dysfunction. Excess accumulation of mitochondrial ROS could also cause neurodegenerative disorders, such as cerebellar ataxia [7] [8] [9] 57] . Therefore, further investigation needs to be performed in order to estimate the contribution of mitochondrial ROS towards the biological effects of low-dose IR.
